Abstract
INTRODUCTION
Grape berry 'quality' is one of the cardinal variables that determines wine quality 1 . Berry 'quality', however, is a generic term that refers to levels of a diverse range of berry chemical
constituents. While the specific chemical components or combinations thereof that determine
This article is protected by copyright. All rights reserved the overall 'quality' of the resultant wine are difficult to pinpoint 1,2 , it is generally understood that berry flavonoids (anthocyanins, tannins and total phenolics), titratable acidity (TA), pH and total soluble solids (TSS) are some of the key berry attributes that affect wine quality 1, 3 .
Clearly, the concentrations of these berry components are determined in the vineyard through the combined influences of several factors. These include: vine-related properties (crop size 4,5 , berry size 6 and canopy size [7] [8] [9] [10] ), the root zone soil physico-chemical properties 9, [11] [12] [13] [14] , and the meso-and micro-climate that prevail during and possibly even prior to berry development [15] [16] [17] [18] [19] . Understanding how these factors (interact to) influence the levels of the various berry chemical constituents at harvest is integral to producing berries with desired compositional characteristics.
Traditionally, the approach taken towards understanding how the environment, management and vine-related properties influence berry composition has involved conducting experiments in which only few factors are manipulated and individual or interactive effects are evaluated 4, [6] [7] [8] 10, 12, 15, 16, 18, 20, 21 . Such approaches have provided us considerable insights, and advanced our understanding, on how a single or few interacting factors influence berry composition. Notwithstanding the clear benefits of manipulative experiments, there is typically a logistical limit as to how many factors can be simultaneously examined (in spite of the fact that, in a vineyard, vines and grapes are invariably exposed to a much wider range of factors). Furthermore, as suggested in Smart et al 7 , in manipulative experiments, the imposed treatments induce changes to the vine itself and thus it is often unclear whether the observed responses in berry composition are direct effects or indirect mediated via changes in vine attributes.
More recently, there has been an emerging paradigm towards examining hyper-factor effects on berry composition in situ 9 . In this approach, measurements are taken to obtain a fuller characterisation of sample vines and their immediate milieu along with measures of This article is protected by copyright. All rights reserved berry composition. This framework was employed in this study. Specifically, the method used here involved selecting vines that captured the full range of variation in each study vineyard with respect to: (1) vine-related characteristics (sizes of crop, berry and canopy), (2) the root zone soil physical and chemical properties, and (3) some components of berry composition (anthocyanins, tannins, total phenolics, TSS, TA and pH). The aim was to tease out the soil-and vine-factors for each site that have the strongest association with, and by inference influence on, berry composition using a combination of multi-and bi-variate analyses.
EXPERIMENTAL Site and management descriptions
The data reported here were collected as part of a larger project that investigated influences of soil, climate and management on Shiraz yield, fruit and wine composition at five commercial vineyards across southern Australia over a period of three years (2005/06 to 2007/08). The study vineyards were located in the Great Southern (GS, Western Australia), Langhorne Creek (LC, South Australia), the Goulburn Valley (GV) and the Murray Darling (MD) both sites in Victoria, and Riverina (RV, New South Wales). Some characteristics of the study vineyards are given in Table 1 . Average (n = 100 cores) textural properties of the soils in the top 80 cm of the profile ranged from sandy loam at the MD site to clay at the GS (Table 1) . Soils across the sites had varying levels of total carbon and total N, and other fertility and salinity indicators (Table 1) . Soil pH at all sites ranged from neutral to slightly alkaline. The average growing season temperature (October -April inclusive) across regions had a 4.5 o C spread (from 16.8 o C at GS to 21.5 o C at MD) ( Table 1 ). All five sites were characterised by low average annual rainfall ranging from 209 mm (MD) to 515 mm (GS).
The average annual reference crop evapotranspiration, ET o , was high reaching more than 2 to This article is protected by copyright. All rights reserved 7 times the annual rainfall depending on site (Table 1 ). All sites used drip irrigation during the growing season to moderate the impact of the large deficit between rainfall supply and atmospheric demand. The amount of irrigation applied, however, differed considerably across sites: ranging from 35 mm at the GS to 471 mm at the RV site (Table 1) .
Selection of sampling vines
At each site, 100 sample vines were selected and tagged at the beginning of the study. These vines were used in all subsequent years (2005/06-2007/08 ) for all the measurements reported here. Details of the sample vines selection procedure are given elsewhere 22, 23 . Briefly, the sample vines were selected using a procedure that ensured the selected vines represented the full range of variation in vine size and soil characteristics of each vineyard. This was facilitated by acquiring high-density gridded data on soil (electromagnetic induction (EM38) or γ-radiometric surveys taken in 2005) and vine properties (depending on site from historical spatial yield monitoring data, satellite or airborne imagery or trunk diameter measures taken in 2005). These soil-and vine-property data were jointly analysed by a non-hierarchical (kmeans) clustering procedure to subdivide each vineyard into five zones such that the differences between zonal means are maximised while the variation within each zone is minimised. Once the zones were "delineated", the number of vines selected from each zone was determined in proportion to the standard deviation of each zone and the size/area of the zones.
Vine canopy size/density estimation
Indices of vine canopy size in the form of plant cell density (PCD, R780/R675), normalised difference vegetation index (NDVI, (R780-R675)/(R780+R675)) and "vigour" (R550/R675), where R is reflectance at the indicated wavelength, were determined from aerial imagery of the study blocks as described in Zerihun et al 24 . Acquisitions of the aerial imagery data were This article is protected by copyright. All rights reserved done during veraison in each of the three years of study by SpecTerra Services using a HiRAMS digital multi-spectral camera (SpecTerra Services Pty Ltd., Perth, Western Australia). Vine and non-vine material were determined by SpecTerra Services using an "inhouse" algorithm. For each target vine, the three canopy size measures described above were estimated with and without the mid-row cover.
Soil sampling and analysis
Duplicate soil samples at each of the 100 target vine location were taken 0.2 m from the drip irrigation emitter at 0-0. . Additional soil chemistry (total N, total C, exchangeable cations and macro and micro-nutrients) characterisation of the vineyard sites were carried out on samples from the 0-0.1 and 0.15-0.25 m depth increments for 40 of the 100 target vine locations at each site 23 .
Yield determination, and bunch and berry sampling
Yield was determined for each of the 100 sample vines immediately prior to commercial harvest. The method of sampling for yield determination differed across sites. In the hot climate and high-volume irrigated sites where vines had large canopies (MD and RV), yield was determined by harvesting a 0.5 m transect of the target vines. The sampling transect was located to one side of the vine trunk centred at the mid-point of the cordon. In the warm climate locations (GV and LC), the entire sample vine was harvested for yield determination.
At the GS site, target vine yield was determined by harvesting all bunches within a 1.8 m transect centred on the target vine trunk (i.e. vine spacing distance). For all sites, yield of individual sample vines was standardised to a unit area to account for the differences in sampling methods for yield determination. This standardised yield is hereafter referred to as crop size sensu Keller 26 . In all cases, bunches were counted and recorded as they were harvested. The bunches from each sample vine were weighed in the field using a 30 ± 0.01 kg balance, and net weights recorded. Following bunch weighing, 30 representative bunch subsamples were retained from each sample vine for determination of berry weight and composition (see below). The bunch samples were transported to the respective laboratories and stored at 4 o C until processed (within 48 h from harvest). In the laboratory, approximately 25% of the berries were removed intact from each of the 30 bunch samples. The position on the bunch from which the berries were removed was alternated between the top and bottom halves of the bunch, and removing all intact berries from the right or left portion of the top or bottom half. This sampling ensured that the sampled berries were representative of berries from all parts of the bunch (top, bottom, inner, outer, sun-exposed and shaded). The berry samples were gently mixed by hand. Subsequently, a random subsample of 150 berries was taken to determine average berry weight for each sample vine. Of the remaining berries, two additional sets of samples were taken: one set was used for determination of TSS, TA and pH; the other was stored at -80 o C for later analyses of total anthocyanins, tannins and total phenolics as described below.
Berry chemical analyses

Total soluble solids, TA and pH
Berry TSS, TA and pH were analysed on juice extracts for each of the 100 sample vines per site. Briefly, sample berries were gently crushed and the resulting juice was centrifuged at 1349×g for 5 min. Total soluble solids were measured on a sample of the supernatant using a temperature compensating refractometer, results are given as g glucose equivalents kg -1 juice. 
Anthocyanin, tannin and total phenolics
Berry flavonoids (anthocyanin, tannin and total phenolics) were analysed in triplicates for each of the 100 samples vines per site. Samples of frozen whole berries were removed from a -80 o C freezer and further chilled in liquid nitrogen for a few minutes. The frozen berries were pulverised using a knife mill grinder (Grindomix GM200, Retsch®, GmbH) for 25 s at 10000 rpm. For anthocyanin determination, a subsample of the berry powder was extracted in 50% ethanol at 1:10 (w/v) sample to extractant ratio. The mixture was sonicated for 20 min to facilitate extraction of anthocyanins, after which the samples were centrifuged at 24784×g for 10 min. Aliquots of the supernatants were used for anthocyanin determination as described in
Iland et al
27
. Total anthocyanin data are given as g malvidin-3-glucoside equivalents kg -1 berry fresh weight.
Tannins were determined on the aliquots of the extracts described above. The assay was based on the protein-tannin co-precipitation followed by reaction of the redissolved precipitate 
RESULTS
Relationships between vine-related variables and berry flavonoids
Three sets of factors (canopy size, crop size and berry size) were extracted from factor analysis of the eight vine-related variables (yield; berry weight; NDVI, PCD and vigour, each with and without mid-row vegetation). The first factor, accounting for between 45 and 72% of the total variance (depending on season and site), represented a measure of canopy size since it was primarily dominated by a composite of the vine size/density variables ( Table 2 ). The factor weights on the vine size/density variables were all positive and equivalent. This canopy size factor had mostly significant negative associations with the concentrations of berry anthocyanin, tannin and total phenolics (Fig. 1 ).
The second and third factors respectively explained additional 13-20% and 3-17% of the total variance in the original variables. These two factors were single variable representations of either crop size or berry size (Table 2 ). While the variable that had the largest contribution to the second and third factors was the same across the five sites in a given year, there was a 
Relationships between vine-related variables and berry TA, TSS and pH
The canopy size factor was mostly negatively associated with berry TSS and pH while it had a largely positive and significant correlation with TA ( Fig. 1) . Similarly, the crop and berry size factors showed high frequencies of significant negative associations with TSS and pH, while their relations with TA were mostly positive ( Fig. 1) . Generally, the strength of associations of TSS, pH and TA with the crop and berry size factors were stronger than with the canopy size factor. This analysis resolved influences of canopy, crop and berry size factors and revealed that each factor had separate and mostly negative impacts on the berry components examined here except TA (Fig. 1) .
Influences of soil properties on vine-related variables and berry composition
From the soil chemical and physical properties, depending on site, one or two factors that showed significant associations with the vine and/or berry composition variables were extracted (Table 3 ). On the bases of the absolute magnitudes of the factor loadings, the influential variables varied across sites and, occasionally, seasons (Table 3) (Table 3) . At the GV and MD sites, a second factor representing soil compaction (bulk density) in the top 25 cm of the profile showed significant association with vine and/or berry composition attributes.
In spite of different sets of variables contributing to the extracted factors, there was a consistency with regard to the effects of the soil property variations represented by the extracted factors on both the vine-related variables and berry composition (Fig. 2) . In most of the sites and years, the scores of the extracted factors were negatively correlated (often significantly) with the vine-related variables, i.e. berry weight, yield and vine size/density (Fig.   2 ). By contrast, the associations with berry composition were generally positive (Fig. 2) . The associations and/or effects of the soil properties represented by the extracted factors on berry composition, except TA, were generally the reverse of the effects on the vine-related variables (Fig. 2) . Partial correlation analyses of berry composition variables and the extracted soil This article is protected by copyright. All rights reserved factors with berry weight, yield and vine size/density as control variables however showed that the soil chemical and physical properties had little effects on berry composition when their influences on vine size/density, yield and berry weight were accounted for (Table 4) .
DISCUSSION
Canopy, crop, berry and soil influences on berry composition have long been of interest to viticulturists 4, 6, [8] [9] [10] 13, 14, 29, 30 . Typically, however, these variables -especially of the vine components -are co-variant, which makes it difficult to differentiate their effects on berry composition. This work utilised comprehensive, multiyear datasets collected from five commercial Shiraz vineyards across southern Australia to identify vine and soil factors that have significant associations with, and by inference influences on, some of the key berry composition variables considered important for premium wine production. Collecting data from commercially operated vineyards across different regions inevitably introduces environmental (e.g., soil and climate) and management variations (e.g., shoot pruning and training systems, bud load, and irrigation frequency and volume) ( Table 1) . Account of such sources of variation is important when the aim is to identify mega-environment-scale drivers of berry composition: the focus here, however, is to understand vineyard-scale berry composition variation in relation to vine and soil variability. Even at a vineyard-scale, however, there can be considerable variations in soil physical and chemical properties as well as in vine-related characteristics such as canopy, yield and berry sizes ( Supplementary Fig   S1-S6) . In traditional experiments, such variations would be disadvantage, as these would compromise detection of patterns. The spatially coupled soil and vine sampling methodology utilised here, which aimed at capturing vineyard-wide variation in soil and vine characteristics for each site, enabled de-convolution of the relative influences of vine and soil factors on berry composition. Further, despite the considerable differences in management and environmental conditions across the regions, the multivariate analyses results, discussed below, revealed commonality with regard to the patterns and strengths of association of berry composition variables with the vine and soil factors.
Canopy, crop and berry size influences on concentrations of berry flavonoids
The results from the five Shiraz vineyards showed that the concentrations of berry flavonoids were generally inversely related to the canopy, crop and berry sizes. Previous work also found inverse relations between concentrations of berry anthocyanins, tannins or total phenolics and remotely or proximally determined vine size measures 8, 10, 31, 32 . From these earlier studies, . Lamb et al. 31 showed that the strongest association between berry flavonoids at harvest (anthocyanin and phenolics) and remotely sensed canopy size measures such as NDVI occurred when remote sensing was done at veraison, which was when remote sensing data were acquired for all sites and years, hence unlikely to explain the weak relations observed here.
Although the analyses presented here revealed consistent and strong apparent influence of , and thus some of the negative association between tannin concentration and berry size may be a dilution response.
The literature 8, [16] [17] [18] 45 on the effect of shading/light exposure or vigour on berry anthocyanin concentrations shows inconsistent findings. Our results (Fig. 2) . In this respect, the positive influence of canopy size on TA levels may reflect partly moderation of the bunch-zone or berry temperature and hence reduced berry respiration rate 50 and partly due to a ripening delay effect. Delayed ripening may also partly account for the crop size influence on TA.
Soil properties and berry composition
The initial analysis of the relationships between berry composition and factor scores derived from the soil physical and chemical properties showed significant correlations across the five sites. This is consistent with reports of several studies which indicate a soil effect on berry This article is protected by copyright. All rights reserved composition 9,12 although Pereira et al. 13 found no apparent effects. Jackson and Lombard 1 lamented that while there is a general belief that soil affects berry composition, this view is largely based on a comparison of results from different locations, which make it difficult to "disentangle" a soil effect from possible contributions of many other factors. This is a pertinent point since soil type or properties do affect some key vine attributes (Fig. 3) . As discussed in the previous section, vine attributes have significant associations with berry composition. When the effects of soil properties on vine attributes are accounted for, it emerges that the apparent effect of soil on berry composition is either modest or effectively non-existent. This indicates that the soil "effect" is indirect, being mediated via its influence on vine attributes (canopy, 
Coefficients of correlations of berry flavonoids with vine factors
The primary data used for the analyses presented in the manuscript are given below in the form of box plots. Sample size (each box) = 100. Fig. S1 . Grape yield across the five sites over the three years. berry juice x 10); TA, titrtable acidity (g.L -1 as tartatic acid equivalents); Anth, anthocyanins (g.kg -1 as malvidin-3-glucodside equivalents); Tan, tannins, and TP, total phenolics, both in g.kg -1 , as catechin equivalents). In all cases, n = 97-100 (for each box plot). 
